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Executive Summary

9ESOdzi A @S { dzY Y| NE

Passing lanes in twlane twoway rural highways provide motorists with the opportunity to pass slow
moving vehicles, improving the level of service of the operations in these highways. Such passing
maneuvers, however, can lead to a hazardous situation for the passing vehicle as well as for the
opposing traffic. Several heah fatal and severe injury crashes have occurred in passing lanes in either
at merge points (where passing maneuvers have contirtaedar) or just downstream of passing lanes
where demand to pass is high. Field observations have shown that once entering the wider roads and
high design quality of passing lanes, some vehiahetuding large trucks and recreational vehicles

tend to increase speeds. Many motorists are observed to speed in the fast lane and pass at excessive
speeds that could carry into the merge area increasing the risk of a fatal or a severe injury crash.
Passing lane safety and efficiency can be significantyoived if the lead vehicles with varying speeds
were induced to maintain a relatively slower speed allowing more vehicles to pass without excessive
speeds or reckless weaving maneuvers.

A driver simulator study conducted by researchers fromthe Unidersie ¥ L RIF K2 Q& bl GA2Yy I §
Advanced Transportation Technology (NIATT) concluded that that regulatory speed reduction signs early

in a passing zone that limit the speed of rigguie drivers relative to leflane drivers offer the greatest

opportunity for increasing the efficiencyand perhaps also the safatyof rural passing zones. The

study found that regulatory signs imposing split speed limits between the lanes (6%efbpgbb mph

right) or limiting RVs and trucks to 55 mph along with advisaoeallow others to pass, reliably

increased the difference in speed between {egihd rightlane drivers, which should allow more passes

to occur within each passing zone. This increase in passing efficiency has the potential to reduce driver
frustration and passing urgency, and may therefore significantly enhance the safety of rural highways.

The driver simulator study also analyzed the effect of several passive speed reduction measures using
alternative pavement striping (Chevrons, transverse lipasallax, lane narrowing). The passive speed
reduction measures were all less effective in reducing speed of drivers in théhdgttlane than

regulatory and advisory speed reduction signs. However, among these alternatives lane narrowing and
traverse Ines showed the highest potential in reducing driver speed. The primary objective of this
research project was to field test the effectiveness of these measures in two passing lane sites in Idaho.
Due to some regulation limitations, the proposed speed itun signs and improved striping measures
were never implemented in the field. Accordingly, the project tasks wertelintd collecting field data

to document thespeedoperationalcharacteristics upstream from, at, and downstreantlo¢ passing

lanes ad analyzing crash data to investigate the characteristics of passing lane crashes in Idaho.

The speed data collected in the passing lane sites shows several important characteristics. Thimspeed
the right lane are consistently higher than the opirg speed just upstream from the passing lane.

Most importantly, and for both sites, the difference in average speed between vehicles in the right lane
and left lane was lower than 3 mph at both locations along the passing zoneoferetional
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characterstics clearly show a need for intervention measure to slow traffic in the right lane to allow for
safer passing maneuvers.

The crash analysis for 67 passing lanes segments identified a total of 137 crashes occurred either at the
passing lane segments at the merging areas downstream thie passing lane. The analysis covered a
10-year period from 2005 to 2015. Of these crashes, 46.15 percent were property damage crashes,
15.38 percent were possible injury crashes, 23.08 percent were visible injuhesrds3.94 percent

were serious injury crashes, and 1.45 percent were fatal crashes. Only 9 of the 137 crashes (6.57
percent) involved alcohol use. The majority of passing lane crashes occurred during clear weather
conditions (62.04 percent) and during digyt (76.64 percent). Only 8.03 percent of the crashes
occurred during ice/snow conditions. Speeding, improper{ase, and improper overtaking were the
major contribution factors in 84.67 of the crashes. The average crash rates (crash/million-vehicle
mile/year) for merging segments, nanerging segments, and passing lane segments are 2.316, 2.228,
and 2.271, respectively. While timerging segments downstream thfe passing lanes have slightly
higher crash rates than nemerging roadway segments (3.8rpent higher), the difference is not
statistically significant at the 95% confidence level.



Chapter 1: Introduction

Overview

Passing lanes in twlane twoway rural highways provide motorists with the opportunity to pass slow
moving vehiclesmprovingthe level of service of the operations in these highways. Such passing
maneuvers however, can lead to hazardous situations for the passing vehicle as well as for the opposing
traffic. Several headn fatal and severe injury crashes occur in passingslamé&daho either at merge

points (where passing maneuvers have continued too far) or just downstream of passing lanes where
demand to pass is high. Field observations have shown that some vehicles, including large trucks and
recreational vehicles, tendtincrease speeds once in the passing lanes. This leads motorists to pass at
excessive speeds that may carry into the merge area increasing the risk of a fatal or a severe injury
crash. Passing lane safety and efficiency can be significantly improvedeaathvehicles with varying

speeds were encouraged to be courteous and maintain a relatively slower speed allowing more vehicles
to pass without excessive speeds or reckless weaving maneuvers. This project examines the
effectiveness of two lovcost measues that have the potential of influencing the behavior of drivers

while on the passing lanes. The two alternatives are: 1) improved signage upstream from and at the
passing lanes and 2) alternative striping and lane marking.

Benefits to ITD and to the piib from this project include: 1) lowost alternatives that have the

LR GSYGdAlLt 2F AYLINRGAYy3 (GKS alFSie FyR STFAOASyOe
lane rural highways, 2) reduced head collision on passing lanes, and 3) éase public awareness of

aFrF¥S YR SFFTFAOASY (G LI adaAy3a YIySdwSNBR GKNRdzZAK GKS
FfA3dya gA0K LRIFEIK2Qa {0UNIXGS3IAO I A3Kgle {FFSGe tfl
eliminating fatalities and seriounsjuries.

y

Research Objectives

The project has the following three objectivd3:examine the effectiveness improvedsignage on the

safety and efficiency of the passing lane operations, 2) examine the effectiveness of alternative striping

and pavemenmmarking on reducing the speed at the passing lane locations, and 3) document the

OKI N} OGSNrRaGAOa 27 LJ--larg fusdl3taté HigfivilysONI 8 KS& Ay LRI K2

Report Organization

This report includes four chapters. After the introducti@hapter 2 provides an extensive summary of

the results of the driver simulation study that assessed the potential safety benefits of using improved
AA3AYF3AS YR AGNRLAY3I Ay LI aaiAy3da flyS t20rGA2ya O2
field datacollection and the results of the crash analysis. Chapter 4 documents the study conclusions.
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Chapter 2: Driver Simulator Study Summary Results

/ KI Ldh S NJ
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Overview

Aseries of experiments usingK S | y A @S NR&dtidnal Advancet Brivirfig Bi@alator (NADS)
Minisimfixed-base driving simulatowere conductedo examine the potential safety and operational
benefits of several highway safety interventions for reducing collisionTisse safety interventions
were aimed ainducing safer driver behaviors such slowing in the righhand lane while being passed
to reduceincidences of lastsecond, higkspeed passesThe studyapproachgoesbeyond typical
mitigations of collision risk that use explicit behavioral interventisumsh asnforcing lower speed linmst
(regulation) and public education (safety warning$hesexplicit enforcementnterventions can be
costly to implement and have limited impact on a sometimes uncooperative public who are in a hurry
and whose decision making might be impaired by altondatigue.

The studyaim is to examine whether semermanent alterations to the visual appearance of the unsafe

zones mightmplicitly reduce risky driver behaviots/ slowing traffic and inducing better passing

decisions without drivers being consuasly aware that their behavior is being affected. Such implicit

changes in behavior may be more efficient and Kasjing since they do not require conscious

compliance from drivers nor engagement from law enforcement. Rather, these safetyeintiens will

be designed to passively engage driviersafer passing behaviors by sttnsciously altering their

perceptions of speed and distancA&n overview of the study methodology, results, and conclusions is

presented in this chapter. The full detailktbis study is documentedin K S & (i dzRé P& FAy Lt NB

Simulation StudyAims

In this studytwo experiments aimed at evaluating the efficacy of various passing zone scenarios on

driving behaviowere conductedIn each experiment, a sample of pap@ntswas testeddriving a

simulation of a twdane rural highway through the Alaskan countryside with passing zones occurring
intermittently. Thesimulation method had two broad aims. Firtste study authorendeavored to

immerse drivers in a simulatioso as to produce natural @ihg behaviors. To this end, thdgveloped

a virtual environment describing a 50 mile driving loop through typical rural terrain (farms,dprest

mountains) and instructed thparticipants to imagine they would be drivingdugha rural highway

segment FGSNI I f2y3 NBONBIFGA2Ylf 6SSTSYR YR (2 RNRAG!
(instructions are detailed in the procedure sections of each experiment).

Thesecond broad aim was to examine effects of the passing soanarios on the behavior of two

types of drivers: those towing a recreational vehicle (RV) and those driving a sedan not towing a RV.
Experiment 1 examined drivers towing a RV, while Experiment 2 examined sedaowmog) drivers.
Different trafficscenarios were developed for these two categories of drivers and slightly different
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instructions were provided to implicitly induce the ®Wving drivers to use the right lane of passing
zones to let vehicles pass and the Aomwing drivers to use the leftand lane and attempt to pass
slower trafic.

Simulation StudyStimuli

Both experiments used almost identical stimuli. Participants drod@mile track sinulating a twelane
rural Alaskan highway with 10 thrdene passing zones interspersed everydérto four miles.The
inter-passingzone stretches of the twdane highway consisted of three to four miles of a variety of
terrain, including both horizontal and vertical curves (hilly terrain) and straight and level sections. The
speed limit for intefpassingzone stretches of highway was marked as 65 mph and advisory signs for
curves were included. Passing zones consisted of artilenlength of straight and level (0% grade)
roadway with standard advisory and regulatory signs preceding each zongiriybical locations (see
Figure 1). For each passing zone, the full two lanes separated by white dashed lane makiogs

mile long, witha 1/8 mile laneaddition transition anda 1/8 milelane-reductiontransition. Each

passing zonsimulated oneof ten different set of signge or roadway markings, hereafter referred to as
scenariogsee Figures-21)

PASSING || KEEP
LANE ||RIGHT

A B

Figurel Sandard PassingLane Advisory andRegulatory Sgns

Tablel The Ten Passing ZoneeBariosExamined in the Study

Baseline 4. Transverselines
_ 5. Lanenarrowing
0. Advisory 6. Parallax
L Regu:atory | _ 7. Force right/ Neutral zone
2. Regulatoryplus advisory 8. Transverse lines with middle segment
3. Chevrons



Chapter 2: Driver Simulator Study Summary Results

Descriptionsof Testing Scenarios

1 Scenario OBaseline.This scenario simulated the conditions presently implemented in passing
zones on Alaska rural highways. All other passing zone scenarios were variations on this
baseline scenario and shared all elements except for the differences described below.

f Scenariol: Advisory¢ KA & &a0OSy Il NxA2 NBLX I OSR GKS aYSSLI whi3IK
¢CNF FFAO YSSLI whi AKKGA & ANB Oheysiv/PI KRIRSIRE BIKB (2 GKS
TraffickeepRA I K¢ aA3dy

1 Scenario 2Reqgulatory with right lane resed speed limifThis scenario changed the 65 mph of
the Baseline Scenario 0 to a split speed limit for the left and right lanes, with the right lane
speed limit reduced to 55 mph.

9 Scenario 3Regulatory with truck/RV speed limit plus advisdityis sceario added the same
advisoryl YR & { f 2 6 SNJ ¢ dlgrsalud€d in\5&Batid 1vakdihkiried it witha
reduced speed limibf 55 mph for Trucks and RVs.

9 Scenario 4Passive speed reduction using chevrorss scenariadded partial chevrons
painted on the road surfact the Baseline Scenario 0. The partial chevrons consisted of groups
2F Sy podpé SH6ARS 6KAGS ftAySa SEGSYRAYy3a FNRY (K
30degreesi 2 6 NR G KS RANBOGAZY 2FOKNB&®BHzLI fRdza LISOS
f2y3IAdGdzRAYIEfe FE2y3a GKS NRBIRgle&o ¢tKS fAySa
FNRBY SIFOK SR3IS tAyS> (KSy STl | o@ARBISNE 3
aKI LIS o ¢ Kvidapaibt-Be® japsifas @ehidetires to contact the road. The chevron
groups started at the point where the two full passing lanes divided by a dashed white line
began, with the first five groups spackmhgitudinat & G4 I RAadlIyOS 2F nHQ Y
beginning of one group of chevrons to the beginning of the next grédfer the fifth group of
Chevrons, thepacingdecreased by a factor of 0.988 for the next 33 groups, reaching a
YAYAYdzY 2F Hc oYaid 39 §roup, SvBich wak fo&atedsile into the passing
zone. For the next ¥ mile, 61 groups of chevrons occurred at a constant longitudinal spacing of
HC Dy QO C2NJ GKS tlFrad o YAES 2F (GKS FdAf (o2 fI
by a factor of 1/0.988 = 1.012 foralfirst 34 chevron groups and then remained at a constant
NHQ FT2NJ GKS FAYylLf p OKS@ONRY 3INRdJzZJIA P

9 Scenario 5Passive speed reduction using transverse lifl@is. scenario added transvengses
painted on the road surface® the Baseline Scenario 0. Thertsgerse lines consisted Bf@ide
inesSEGSYRAY3I 2NIKz232yLfte FNRY GKS tLyS SR3IS Yl
spacing of the transverse lines was identical to the chevrons described in Scenario 4.

i Scenario 6Passive speed reduction with é&anarrowing.This scenario was identical to the
Baseline Scenario 0 except olinear narroving of the right lane edge line such that the lane
width reducedF N2 Y MHQ (2 ™A Qrerga@&IND A1yKEh I FyA INBEhe toxt YR (S T
Y% mile, then healy expandedi 2 G KS 2NAIAYIE mMHQ flYyS gARGK 20

9 Scenario 7Passive speed reduction with poles creating optical parallax along the side of the
road. This scenario added groupsyaflow polesSEG Sy RAy 3 mnQalbngthasfe G KS 3N
of the roadto the Baseline Scenario 0. The poles were diaméter and painted with the
same yellow color as the center dividing line of the highway. dingitudinal spacingf the pole

B
S
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groups decreased logarithmicatlyringthe first ¥4 milewasconstant for %2 mile, anohcreased
logarithmicallyover the last ¥4 milsn a manneidentical to Scenario 4: Chevrons. The number

and lateral spacing of the poles within each pole group also changed over these segments of the

passing zone. The initialuiopole groups and last four pole groapsorresponding to the initial
and final four constant longitudinal gap© 2 y i F AY SR 2yfé& 2yS LRftS=>
the righthand edge line of the roadway. All other pole groups contained 3 poles, whese int

f 201

LS tFGSNIE &LI OAy3I AVIONSS a3RR dzi)y SgoRi 2 Q T N2 NI

group. Forpolegroupsiic = G KS FIFNIKSad LRfS ¢la |f-612&a
hand edge line, therefore for the f&ole group the nearany A RRf S L2t S& 6 SNB

YR pnQ FTNRBY (KS PolR@G@dhpstiay SQ2 WHBAYIEOR A @5E & dmn Q

but the distance of the poles from the roadway rigtand edge line decreased linearly from 40,
pnI YR cnQ G 2pedively) atipmie intoyhB fulb2meXsegmatibad the passing
zone. For the next ¥ mile of the passing zone 61 pole groups had constant lateral and
longitudinal spacing. Over the last ¥ mile of the fddlr®2 passing zone pole groups-82 had

M n Gerafspacing but linearly increased in distance from the right dihgeof the roadway

dzy At GKS RA&AGFYOS |3FAYy NBFOKSR nnI pnx FYyR

respectively. For the next 12 pole groups;®% interpole lateral spaiag linearly decreased

TNRY mMnQ (2 MQ ¢6A0GK GKS FdaNIIKSad LRtS t20F 3SR

followed by the last 4 single pole groups.
9 Scenario 8Force right at lane addition and neutral zone with arrows at lane reducfiois.

t 2
f 2
t

c

scenario added two elements to tHeaseline Scenari 1)I  a F2 NOS NRAIKGE OSyd SN

beginning of the passing zonend 2)an early return with arrows, rumble strip, and a neutral
zone at the end of the passing zonA rumble strip was simulatedhder this line to create a
loud rumble sound when driven upon, which shortened the passing zone by 200 feet leaving
Standard arrows from the MUTCD pointing diagonally toward thddeg preceded the early
return neutral zone

1 Scenario 9Passive spee@duction using transverse lines with a middle segniBimis scenario
added a middle segment to the transvellgees painted on the road surfader the Transverse
[AySa {OSYINAR2 po ¢tKS YARRES fAyS asSavSyi

OSYiGSNE LINPGARAYI 0Q 6ARS dzy LI AyGSR LI @SYSyii

segments.

As part of the studylO unique countesbalanced ordersvere developedor the 10 passing scenarios

such that each scenario occurred equally oftendileplace of the order and preceded and followed

every other scenario an equal number of times. These orders are listed in Table 2. Each passing zone
also included a pseud@ndom headwinetailwind disturbance profile to induce participants to make
acceerator pedal movements to maintain constant speed. The wind disturbances profiles were defined
by 5 velocities: strong headind (defined as100 mph in the MiniSim software), headnd (-50 mph),

zero, taitwind (50 mph), and strong tai¥ind (100 mph)gach presented twice in a pseudandom

order for 1/10 mile segments of the passing zone. While the magnitude of these disturbances as
defined in the Minisim software seem extreme, their effect in accelerating the vehicle was actually very
modest: In theabsence of accelerator or brake inputs, these disturbances changed the vehicle speed by

O QX
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a maximum of 3 mph. Further, because the wind disturbances always summed to zero within a

passing zone, the cumulative effect of each disturbance on the mean vepadel in a passing zone

was negligible. The order of the wind disturbances were balanced across the 10 passing zones such that
each wind velocity profile was paired with each passing lane scenario an equal number of times.

The simulation also includéd NI FFAOX A GK OF NA YR (NHzO1 & Ay TFTNRYI
and in the oncoming lane. Traffic density in the oncoming lane was moderatepnatming vehicles

passing every 220 seconds¢ NI FFA O RSy aA e A ypulétdd Sifferenid fagrshalipa |y
SELISNAYSyia 06aSS8 0St260% o6dzi F2NJ 620K SEZBNAYSY
highway stretch by scriptintdpe vehiclesrom the previous passing zone pull off onto the shoulder,

while simultaneouly scriptinga new set 0B vehicles to bereated out of sigharound corners ahead of

and behind the driverThis procedure ensured thatich passing zortgad nearlyidenticaltraffic

conditions, with the same number of cars in framdbehind the drier.

S
i a

Apparatusand Testing Procedures

Identical apparatusvas usedor both Experiments 1 and 2. A seven video channel National Advanced
Driving SimulatorNAD$MiniSimrendered the simulations ancbllected behavioratlata. Participants

4 RNE @S éulatipris §omdan iMstrumented cab based on a 2001 Chevrolet S1Qpitkick (see

Figure 12). Participants were treated in accordance with a univeapijtyoved protocol governing the

use of human subjects in research. Prior to starting the experimatisarticipants were read a

general description of the study, warned of the risks involved (primarily motion sickness), and asked to
sign a consent form. Next, the instructions were read to participants. Importantly, these instructions
emphasized thaparticipants should imagine themselves driving on a rural highway and that they should
act normally in obeying traffic laws and driving etiquette.

Figure2. OverheadView of Chevy 90 Cab with the ThreeMain Forward Displays ad Right-Sde
Mirror Display
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Driver Simulator Experiment 1 Results

Experiment as designedo test the efficacy of thelifferent passing zone scenarios on the speed and

lane choice of RYbwing drivers. Though was assumed thatiese drivers would aoseto use the

right hand lane, it waalso expected that the different passing zone scenaright affect lane choice,

so the researchershos to not explicitly instruct thgarticipants to use the right lanes of the passing

zones. Such instructionsudd have potentially alterettJ- NI A OA LI yG A Q y2NXNIf RNAR DAY
a right lane choicethe researchergherefore relied upon subtle instructions for participants to imagine
themselves pulling a RV trailer, explicit inclusion of a simulasak&trbehind the vehicle filling much of

the center rearview mirror, and following traffic pressure.

ExperimentParticipants

Thirty-0 KNBS LI NIAOALI YyGa 6A0GK GFfAR RNAGSNNRE fA0SyasS:
failed to completehe experiment due to motion sicknegbeir datawere excluded fronthe analysis.

Participants includedienty studens from the University of Idaho, who receiveldssextracredit for

their participation.The study teammecruited the remaining 10 particgnts using an online

advertisement, and compensatedem $30 for their participation. All participants wore corrective

lenses if they were required to wear them while driving. Participants had an average age of 29.7, ranging

from age 18 to 62, with an avage of 14.4 years of driving experience. Additionally, 57% of participants

had previous experience pulling a trailer.

Experiment Stimuli

CNF FFAO AY (KS LI NIAOALI yiaQ RANBOGAZY 27F (NI @St
traffic pressure. In each intgrassing zone stretch of highway a new set of 9 vehicles was created out of
AA3IKEG 020K FKSIR FYR 0SKAYR (GKS LI NIAOALNI yGQa OSK
speed of 45 mph until the participant's vehicleugat up to them, at which time they increased speed to
YFEAYOGLIEAY cnn FYR manann FSSG 3FLA Ay FNRYy(G 2F GKS LI
induce a feeling of driving in traffic, balso far enough ahead that tHe\ttowing drivers wold not feel

pressured to try to pass. The seven following vehicles weigtad to induce pressure on the\

towing drivers to allow them to pass. These vehicles were scripted to drive at moderately high speeds

G2 OF 0OK dzLJ G2 { gthidhtinddhay@naintingdiglos of @08 féet ietwEeh

GSKAOf Sao | SYyOS (KS aSgSyiK @OSKAOES F2fft26SR (KS
the participant reached a passing zone and pulled into the +igimd lanethis gap maintenance

terminated and the vehicleaccelerated to74 mphto pass The RMowing drivers were thus induced to

stayin the right lanethroughout the length of the passing zone. To discourage participants from driving

too fast, a simulated police siren sounded wbkeger their speed exceeded 75 mph.

ExperimentProcedure

Each participantvas instructedo imagine they werarivinghome from a recreational out of town
weekendin Alaska where they haakeen boating or camping, and that they were pulling a trailer behi
them. They were explicitly instructed to follow all rules and etiquette they would normally use while
driving a vehicle pulling a traileiThe entire experimental session lasted 90 minutes.
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Experimentl Results: RV Drivers

Toincrease passing efficiep, thepassing lane scenarios needed to affect two driver behaviors: lane
control and speedtontrol. Efficient passing lane designs encourage slower drivers to move quickly to

the right hand lane and slow down so that more vehicles may pass withinntgélef the passing zone.

Safe passing zones also require a smooth merging of traffic before the passing lane has been eliminated.

Lane Control

The study teandid not explicitly instruct participants to use the right lane and allow others to pass, but
ratherimplicitly encouraged participants to use the rigidnd lane throughhe simulationof pulling a

RVtrailer, combined withpressure from overtaking traffic aridy & G NHzO G A & yigimalidéivingt 2 6 & S NJ
SGAljdzSGGSpé . SOl dz& St 1was tdNdmpareNBw the Scénarod differentiaByNA Y Sy
affected rightlane driversthe study team bped these experimental operations waldmplicitly induce

the drivers to choose to use the rightand lane. It appears these operations worked: as can be isee

Figure 13. The Figure shoWshicle lane deviation in feet from the center of the right lane as functions

of distance for each scenario. The center of the left lane corresponds to 12 feet oratie yThe

distance axis extends from the beginnindleéb-2 laneaddition transition through the end of the-t-1
lanereduction transition. The-iile fulktwo-lane segment extends from 660 to 5940 ft. For each panel,

the blue traces represent data from individual participants. The bright red trace remiethe

ensemble average. The red fills represents 95% confidence intervals on the ensemble averages.
Participants moved to the right laneithin the first ¥ mile (1320 ftgver 99% of the timeand

averaging across all the scenarios, participants oeclbie righthand lane of the onanile long twoe

lane segment of the passing zone 90.55% of the time.
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Figure3. Distance Traveled from Beginning of Passing Zone (ft.)
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LaneChoice andControl for the Full Two-lane Segment

The study teanassessed the effects of the 10 passing lane scenarios on lane control by examining the
percentage of time spent in each lane and lane deviations within a lane during thai@éul-two-

lane segment of the passing zan&r the moment ignoing the 1/8 mile long diverging and merging
transition zones. For each participaand for each of th@assing zonescenariosthe study team
computedthe arithmetic mean and standard deviatifor each of these measure§.he study team

used? St O Kt@odletdin8newhetherthe meansand standard deviationacross the ten scenario
conditionswere statistically equivalehtL ¥ 2 Sf OKQ&a (SadG AYRAOFGSR adl GAa
the 10 means or standard deviatioribe study teandeterminedwhich pairs of means or standard
deviations differed reliably from one anothasing the Gamesiowell procedure, which forms a pooled
variance estimate for each individual pairwise comparisbhe study teanused a Type | error

probability ofa =.05as he decision criterion for statistical reliability (the probability of any differences
being due to chance was less than .05).

These analyses found a borderline effect of scenario on the proportion of time spent in the right hand
lane[7 §9, 117.902) = 2104, p < 0.05] with the only reliable pairwise differences occurring

between the chevron scenario 4 (m = 94.3%) and the regulatory scenario 2 (m = 87.2%) and the
regulatory + advisory scenario 3 (m = 87.9%) All other pairwise comparisons were nsignifcant.
Examination of Figure 13 suggests that the greater time spent in the right lane for the chevron scenario
may have been carried primarily by the latter stages of the passing zihrgemerge left appears to be
somewhat delayed compared to scenarioaril 3.

No statistically reliable differences between the scenarios for the mean position withimeavas found

[2 @, 117.897) = 1.21p,> 0.05], the standard deviation of position within a lahe(®, 118.065) =
1.574,p> 0.05], the mean steeringhgle . § (®, 118.001) = 1.284,> 0.05], or the standard deviation

of steering angle?[ (9, 117.794) = 1.07p,> 0.05]. These results suggest that precise control of
steering through the onanile two-lane segment of the passing zone was not reliatdigcaéd by the
different scenarios. The lack of effects can be easily seen in Figure 13 between distances of 660 and
5940 ft.: participants overwhelmingly chose to drive in the righnd lane, and maintained lane position
throughout the one mile long seion of full multiple lanes with statistically equivalent precision
regardless of the passing lane scenario.

Speed and Passing Efficiency

To assess the effects of th® senarios on control of speed the study teawmputed the mean and
standard deviatns of the timeseries measures of accelerator and brake pedal positions, and vehicle
speed The passing efficiency of taatomated traffic was largely determined by two factors: 1) how
quickly the participant moved into the right lane, and 2) how fastytdrove once in the right lanéhe
analysis of lane control above found that participants moved into the right hand lane in an equivalent
amount of time across scenarios; therefore, differences in passing efficiency are influenced most by the

' The Welch procedure is a nguooled test satistic in that it does not pool variability from heterogeneous
sources therefore type | errors are not subject to inflation from potential violations of homogeneity of variance.

11
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speed ofthe participants vehicle: the slower the speed, the greater the efficiency. Vehicle speed was
measured directly from the simulation, btite study teamalso examind differences in how

participants used the controls like the accelerator and brake pedadgalate speed. However, because
the participants only very rarely used the linduring the passing zones, thisalysis focused only on
vehicle speed and accelerator position measures.

Vehicle Speed by Scenario

85 ] 1 L] L )
80F .
+
75} .
70 - + T _ t
— - T -
E T [ + | [ : T | |
65 1 | | I | i |
E 1 —_ 1 I ' 1 I
E -
b ED B i 1 -
&
! T I I I
251 : T T : | I : : .
| I [
AL ! I [
[ I [ 1
50 ! i __;__ | L L .z I 4
— I
45 1N .
20 o0 P =] = 0 w =) o = o
= ] % 'E: 5 2 i = == =
2 5 + % 4 3 i E >
= b= =
=< g 6 5 5 2 g
=5 Z, =
3

Note: Box divisions represent 25, 50, and 75th percentiles.fithire represents the variability you would expect to
see on the road across a sample of participants.

Figure4. Mean Vehicle Speed by ScenadweragedOver the 1-mile PassingSection
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Scenario Speed Differences from Baseline (Scenario 0)

Speed Difference (mph)

Advisory |
Reg|
Reg + Adv |
Chevrons
Lines |
Parallax |
Force Rh

Marrowing |-
Lines w/ mid |-

Note: Error bars reflecting 95% confide intervals after removing the betweeubjects variability.

Figure5. SpeedDifferencesNormalized fromBaselineSeed

Figure 15presents mean vehicle speeds for scenari@sribrmalized to eackigure 16 represents the

particLd y 1 Q&4 YSIy @SKAOfS &ALISSR Ay GKS olaStayS aoSyl
plot as error bars. Means with error bars that fall outside of the light gray band are considered reliably

different from baseline, and means whose error bdosnot overlap are considered reliably different

from one another.
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Figure6. BoxplotsRepresenting theDistributions of SoeedIntercept EstimatesAcross thecenarios

The lox divisionsn Figure 16epresent 25, 50, and 75thercentiles. The intercept for scenariq 2
regulatory is reliably lower than all the intercepts except scenagoedjulatory + advisory (p < .05). All
other intercepts are statistically equivalent (p > .08¢cording to this analysis, six of the 9ttesenarios
(nonbaseline) reliably reduced the average vehicle speed over themolesfull two-lane segment of

the passing zone: scenario advisory reduced speed by 2.2 mph; scenaria@gulatory by 6.6 mph;
scenario 3 regulatory + advisory by 5.5 mpécenario 4 Chevrons by 1.6mph; scenario fansverse
line by 1.8 mph; and scenaria parallax by 1.5 mph.

In effect, the data presented in Figure 15 depict the variability one would expect to see on the road
across a sample of drivers, whereas the datsented in Figure 16 depict the reliability of the scenarios
in effecting the speed control of each individual participant controlling for individual differences. Both
approaches converge on a similar conclusion: scenarios including regulatory eldraeathe largest

effect on reducing the speed dfe participants, but the use of chevrons, transverse lines, or parallax
should also be expected to have a reliable, though smaller effect on speed control.

To more precisely examine how patrticipants con@olvehicle speed over therhile passing zone,

vehicle speed was linearly regressed on distance and the effect of scenario on the intercept and slope

14
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parameters was assessed using the Welch and G&toe®ll procedures. (Regressing on distance,

rather than time, prevents slow speed segments of data from carrying more weight in the model fitting.)
Pairwise multiple comparisons shedthat the speed intercept for the regulatory scenariavas

reliably lower tharfor all other scenarios except the regulatoeryadvisory scenario 3 (see Figui@. 1

This result is consistent with participants reducing speed for the regulatory scenario 2 either before
entering or very early in the passing zone. Further, the estimated slope parameters were not reliably
different across the scenariop ¢ .09, suggesting that the rate of deleration wasstatistically

equivalent across the conditions. When taken together, these results sugig@stportant conclusion:
regulatory signage has its greatest impact in reducing spdethwlaced before or early in the passing
zone.

The analysis of mean vehicle speed found a segment main effect, with participants driving more slowly
in the lanereduction transition segment (5948600 ft. on the abscissa of Figure 8; 55.59 mph) as
compared to the full 2ane segment (668940 ft. on the abscissa of Figure & 57.7 mph), and the
fastest speeds occurring in the laaddition transition segment (860 ft. on the abscissa of Figure 1,
=63.89 mph)H2,58)= 102.679p < 0.001 82 = 0.321 Rsc= 0.550, observegower = 1.000.
The study teanalso found a significant interaction of segment and scenario on mean vehicle speed
[F(18, 522) = 1.995 = 0.0435%: = 0.016 Rsc= .481, observegower = 0.083]. This interaction refis
two deviations from the segment main effect across the 10 scenarios:
a) a greater reduction in vehicle speed during the fddiri®e segment of the passing zone as
compared to the transition segments for the regulatory Scenario 2 and the regulatotigeadv
Scenario 3, and
b) reliably slower speeds in the laneduction segment as compared to the fulléhe segment,
for scenarios 6, 8 and 9 (lane narrowing, feriggt, and transverse lines with middle segment,
respectively).

The analysis of the stdard deviation (SD) of vehicle speed shows greatest variability in thel&nk2
segment § =4.97 mph), moderate variability in to the lameduction transition segments(=2.28 mph)
and least variability in the laraddition transition segmenty=0.88 mph),H2, 58) = 288.673 < 0.001,
s%= 0.963Rss= 0.525, observegower = 1.000. As with acceleratosgition SD, vehicle speed SD is
confounded by the fact that the wind disturbance was only present throughout the-fali@ segment.
Even sospeed is significantly more variable the lane addition transition segmentithére lane
reduction transition segment.

Passing Effiency and Safetyof Al Gontrolled Vehicles.

The analyses of vehicle speeds suggest that the regulatory conditiaritete®s slower speeds. Here
the study teamexamine whether the speed reductions enabled simulated vehicles to more efficiently
and safely pass the driver.

For each passing lane, the participant was accompanied by a platoon of nine or ten other vehicles
dynamically controlled by the NADS MiniSim. For the majority of the scenarios, two vehicles would lead
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the participant into the passing lane. Passing performance was quantified by counting the number of

cars that passed the vehicle during thenlle 2fulf £  yS aS3YSyidod . aSR 2y GKA3Z
found that passing efficiency was not equivalent across the 10 scenari@9,[117.995) = 5.128,<

.001]: significantly more vehicles were able to pass during the regulatory scenario 2 as compared to

baseline and visual cue conditions. Indeed, passing performance reached the optimal-ailihg

trailing vehicles were allowed to passvith the regulatory scenario 2 for 22 of the 30 participants.

The study teanusedaverage time margimat the start d the lanereduction segmenasthe measure of

safety in passing. For each scenario and particighatstudy teanmdetermined average time margin by

computing the mean of times at which each vehicle in the platoon of passing vehicles entered the lane
reddzOG A2y aS3aYSyd IyR adzoidNI OGSR G4KAa YSIYy GAYS TNR
the lanereduction segment. Positive average time margins occurred when a participant entered the
lanereduction at a later time than the average, negatieues indicate the participant entered at a

time ahead of the average. The Welch test indicated a reliable effect of scenario on average time

margin B (99, 118.076) = 4.08p,< .001]. Poshoc tests indicated that the regulatory scenario differed
signficantly from the baseline scenario 0 and scenarios 4, 6, 7, 8, and 9.

0 CFS Accelerator Pedal Position mean -0 VDS Veh Speed mean

0.4

0.3

0.2

0.1

[ Experienced [ Experienced
B Inexperienced B Inexperienced

0.0

Baseline Regulatory Baseline Regulatery

Note: Error bars reflect 95% confidence intervals calculated according to Moray (2008).

Figure?. AcceleratorPosition andMean Vehicle Soeed asFunctions d Driving Experience for the
Baseline andregulatory Scenarios

Theanalysis found a reliable effect of scenario on mean vehicle sggadB) = 7.38% = 0.009, obs.
power = 0.889, already discussed above] and a marginally reliable effect of exp¢@eh€8) = 4.011,

p = 0.051, obs. power = 0.780]. According to this effect, inexperienced drivers demonstrated greater
changes in driving behavior. Interpreted with the vehicle speed trend it suggests that experienced
drivers are slower regardle®f thescenario (see Figure 17

16



Chapter 2: Driver Simulator Study Summary Results

Summary andConclusion®f Experiment 1

The lane choice and deviation data showed th&tinstructions and following traffic pressuveere
successful in inducing tHR\Vtowing drivers to reliably move into the right lane of thassing zone

during the laneaddition transition (99% of the time). This result was critical, since the regulations,
advisories, and passive interventions for speed were specifically designed to affect driversigint

lane only. Because thgriversmoved to the right lane so reliably the study teaare able to interpret

the effects of the differenscenarios on speed control. Themary result was an approximatelytb

mph average reduction in speed for the regulatory scenario 2 and regulatoryisoagdscenario 3 as
compared to the baseline scenario. Importantly, these scenarios had their greatest effect in reducing
speed during the initial entry into the passing zone, which suggests that locating regulatory and advisory
signs early in the pasgjrzone or before it may optimize their impact. Some of the passive speed
interventions (e.g., Chevrons, lane narrowing) also reliably reduced speed, but onB/oph.

Because drivers were so consistent in moving to the rigte uring the lane adton, the study team

found that passing efficiency mirrored the speed results. The regulatory and regulatory + advisory

scenarios induced drivers in the right lane to drive more slowly, so more vehicles were able to pass in

these conditions. Therewa$ai 2 | 3INBFGSNI GAYS Il LI 6SieSSy GKS LI
vehicle at the beginning of the lane reduction segment, suggesting a safer passing environment for

these scenarios.

In addition, it does appear that experience mitigates the speghliction effects of the regulatory and
regulatory + advisory scenarios. More experienced drivers (> 15 years since licensing) drive more slowly
overall and have less reduction in speed than less experienced drivers, who drive more quickly overall
and stow greater reductions in speed for these scenarios. This result suggests that the regulatory and
regulatory + advisory scenarios may be particularly effective in reducing speed for less experienced
drivers.

In sum, the regulatory and regulatory + advisecenarios appear create the greatest ritdrie speed
reductions, particularly for lessxperienced R¥owing drivers. Passing efficiency should therefore
increase for these scenarios, but only if the speed reduction occurs only fotaightrivers. Thenext
experiment sought to measure the influence of these different scenarios orR\V&nwing drivers in

the left lane to assess whether the speed reduction is specific to only the right lane as intended.
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Results of Experiment 2: Nefowing Drivers

Experiment 2vas designedo assess the effects dfie 10 passing lane scenarios on the behavior of
drivers using the left lane. This experiment had two aims: 1) to examine whether the regulations,
advisories, and lane markings designed to affect fighe drivers lane also affected drivers in the left
lanet an undesirable result, since it would reduce the efficiency ofpidissing lanas and 2) to examine
the influence of righdane vehicle size on passing behavior.

Experiment 2Participants

TwentythreeLJr NI A OA L) yia oAGK @FfAR RNADOSNDAa fAOSyaSa
failed to completethe experiment due to motion sickness and were excluded from the analysis.

Fourteen studentérom the University of Idaho participated amekere given class credit for their
participation.The study teammecruited the remainingsixparticipants usin@n online advertisemerand
compensateceach of then$30 for their participation. All participants wore corrective lenses if they

were required b wear them while driving. Participants had an average agé.dfy&ars ranging from

agel9to 47, with an average dd.2years of driving experience.

[N

Experiment 2Stimuli

Traffic in Experiment @vas designedo induce pressure for participants to masther vehicles. In each
inter-passing zone stretch of highway a new set of 9 vehicles was created out of sight both ahead and
0SKAYR (GKS LI NIGAOALI yiQa OSKAOf So {S@Sy fSIRAy3
LJ- NI A OA LI y i Q 345 @B dail hd participahtcauBhildp @ $hem, at which point the

vehicles maintained a specific gap in front of the driver with the closest car being 200 feet ahead, and all
other cars increasing in 100 foot increments, with the furthest car being 8iGfeead.

At the stat of each passing zone, thevehicles turned on their righiurn signals and pulled into the

right-hand lane maintaining a constant speed of 65 mph, except for the regulatory scenarios where the
vehicles maintained a speed of 55 mgtwo following cars were scripted to maintain distances of 600

FYR mnnn ¥SSG 60SKAYR GKS LI NIAOALIYyGQa @OSKAOt S dzy
vehicles pulled to the side of the highway. To discourage participants from driviegnexgrfast,

simulated police sirens sounded whenever their speed exceeded 85 mph.

To examine whether vehicle size influences passing behavior, the third vehicle ahead of the driver, or
fifth in the platoon of seven vehicles counting from the front, wikex a small sedan or a large semi
truck while the other six vehicles were always small sedahe study teanthose to manipulate the

third vehicle ahead of the driver based on these assumptions: a) the platoon of vehicles in tHarmgght
would be diving 65 mph, b) most participants would maintain a speed ef 3ph while passing. This
differential of 78 mph at 7273 mph results in the passing vehicle gaining about 300 feet on the platoon
of right-lane vehicles over the first hathile stretch ¢ the passing zone, making the third vehicle ahead
(fifth in the platoon of seven) located approximately 400 ft. ahead of the driver at the entrance to the
passing zone the likeliest object of a passing decision at the #pdaint of the passing zone.
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Thelocation of the semtruck relative to the platoon of vehicles was adjusted backwards such that its
front end was the same distance ahead of the driver as the front end of the sedan at the time the driver
entered the passing zone. Because the sentkwas 45 ft. longer than the sedan, this reduced the gap
between the second and third vehicles by approximately 45 feet.

Experiment 2Procedure

The study teaninstructedparticipantsto imagine theywere heading home from aecreational
weekend inthe Alaskan countrysideandt importantlyt that they were in a hurry to get homdn
addition, the study teaminstructed them to obey traffic regulations, advisories, and etiquette in a
manner they normally would while driving in a hurry. The full instructioadisted in Appendix Qhe
entire experimental session lasted 90 minutes.

Experiment 2Results

The instructionsvas designegtasled, and simulated traffic in this experiment to induce participants to

use the left lane of the passing zones to pass soral @f the platoon of seven leading vehicles. The

first section otthe results presents evidence that this design succeededdncing these behaviors in

the sample of participants. The second part of this section presents results that address whether
different passing zone scenarios affected the speed of drivers passing in the left hand lane. For
maximum passing efficiency, the scenarios that reduced speed in the right lane should not affect drivers
in the left lane, thereby maximizing the speéifferential between the two lanes of traffic. The last

section of the results addresses the manipulation of vehicle size (passenger car vsusknun driver
behavior while passing.

Lane @oice

The study teandid not explicitly instruct partipiants to use the left lane and pass the leading vehicles,
but rather implicitly encouraged participants to use the left lane by placing slower moving vehicles
FKSFR 2F GKSY YR LINPQGARAY3I GKS AyaildNHzOlaa2ya OGKI G
sedan(rather than an RV). Because the study tesimed to examine whethethe different scenarios
affected leftlane driversthe study teamhoped these experimentalperations wouldnducethe drivers

to choose to use the left hand lane and pass astesome of the vehicles ahead of them. It appears
these operations worked: Figure $Bows that participants overwhelmingly preferred the left lane.
Across all the scenarios, drivers occupied the left lane approximately 82% and there were no reliable
differences in this percentage across scenanos.05). Further, a reliable differences on mean lane
deviation or steering wheel angleas found(p >.05), suggesting that the scenarios did not differentially
affect lane choice or steering control.

19



Improving Passing Lane Safety and Efficiency

Baseline

~

I

0 660 1320 1980 2640 3300 3960 4(;20 5280 5940 6600

Hgure 8. VehicleLane Deviation in Feet from the Genter of the Rght Lane asFunctions ofDistance for
EachScenario
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In figure 23, he center of the left lane corresponds to 12 feet on thaxys. The distance axis extends
from the beginning of 20-2 laneaddition transition through the end of the--1 lanereduction

transition. The Imile fulltwo-lane segment extends from 660 to 5940 ft. For each panel, the blue traces
represent data from individual participants. The brighd trace represents the ensemble average. The
red fillsrepresents 95% confidence intervals on the ensemble averages.

Scenario 8 incorporated a knurled force right pavement marking at the beginning of the passing lane. To
examine whether this force riglmarking affected behavidhe study teamexamined lane deviation at

ccn Fidd FNRY G(GKS o06S3aAyyAya 2F GKS LI aairy3da 12yS
=3.161, p = .003]. The effect of the force right marking is apparent the 9th pamguoé 23. Perhaps

because of the novelty of the stimuli roughly 25% (5 of 20) participants did not abide by the pavement
marking and drove directly into the left lane of the passing zone.

Speed and Passing Efficiency

Similar to Experimert, to assesde effects of thelO scenarios on control of spedtie study team
computed the mean and standard deviations of the tise¥ies measures of accelerator pedal position
and vehicle speed. As with Experiment 1, brake pedal force data was recorded but das use
infrequently analyzing the variance about the means was not possible. Passing efficiency was
determined by counting the number of cars passed for each condition. Figwteofvs the vehicle
speeds over the entire length of the passing zone as aifumoff scenario. It is clear that all the
scenarios have qualitatively similar speed profiles. Initially, the participants slow as the platoon of
leading vehicles moves into the right lane, then the participants accelerated, reaching their peak speed
at approximately halvay through the passing zone before decelerating.

In Figure 19distance axes are in feet and extend from the beginningtof2 laneaddition transition
through the end of the 20-1 lanereduction transition. The-inile segment exnds from 660 to 5940
feet. For each panel the blue traces represent individual participants. The red trace represents the
ensemble average over distance. The red fills represents 95% confidence intervals on the ensemble
averages.Box plots representinghe distributions of speed across the 10 scenarios can be seen in
Figure 20

To examine whether the passing lane scenarios affected speed and accelerator position during the one
mile full twolanesegment of the passing zones, the study tezattulated thearithmetic mean and

standard deviation of accelerator position and vehicle speed for each participant and for each scenario.
Smilar to Experiment 2 S f O K @vas usediantrol type | errors from violations of homogeneity of
variance and to comparihe equality of the means across the ten scenario conditions and the Games
Howell procedure for assessing pairwise comparisons.

None of these four analyses found any reliable effect of scenario. Though it would be logically unsound
to concludethat no differences existed, the study teaconcludel that any scenario differences in
accelerator position or speed were insignificant in comparison to the overall Vdyiabithe data.

Qoefficients of determination for a singfactor repeatedmeasures ANOV@n vehicle speetvere

calculated and these metrics show that individual differences between participants account for 60% of
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the variability compared to the 2.4% accounted igrscenario type (see Figure)2When the speeds
are normalized relative to baine, a more accurate visualization of the scenario déffiees can be
obtained. Figure 28hows that drivers were within + 4.5 mph of their baseline speed across all of the
scenarios.
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Figure9. VehicleSpeeds adunctions ofDistanceSegregated byScenario
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Vehicle Speed by Scenario
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Figurel0. Mean Vehicle Speed by ScenadweragedOver the 1-mile PassingSection

Note: Bror bars reflect 95% confidendetervals after removing the betweesubjects variability.

Figurell SpeedDifferencesNormalized fromBaseline $eed
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